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Abstract

We present a magnetostratigraphic study of Middle Cambrian sediments along the Kulumbe river (northwestern
Siberia). The deposits are V850 m thick and lie within the Mayan stage as constrained by trilobite fossils.
Palaeomagnetic analyses reveal two magnetic components. The first component, parallel to the direction of the present
day field at the site, is isolated in the low to middle temperature range. A high temperature component (HTC) is then
isolated up to 580 or 680³C, carried either by magnetite and/or by hematite. The HTC defines a sequence of 28 magnetic
polarity intervals, some of them being defined by only one sample. Considering that the studied section has a duration
of V5 Myr, we propose that the magnetic reversal frequency was high (V4^6 reversals per Myr) during part of the
Middle Cambrian, among the highest values known within the Phanerozoic. The reversal frequency may have been
roughly similar during the Lower Cambrian. We further suggest a drastic decrease of the magnetic reversal frequency
between the Lower^Middle Cambrian and the end of the Tremadoc (Ordovician) when a superchron probably
occurred. However, this behaviour is still challenged by other scenarios which depend on the chosen Early Palaeozoic
time scale and on the reliability of some magnetostratigraphic data. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The existence of magnetic polarity reversals is
probably as old as the generation of the geomag-
netic ¢eld itself. Gubbins [1] recently speculated
that geomagnetic reversals were much more fre-
quent, approximately by a factor of 10, before the

growth of the solid inner core than after. The
inner core may indeed stabilise the magnetic ¢eld
generated in the liquid outer core (e.g. [2,3]). Age
estimates for the inner core strongly depend on
which cooling model is considered for the Earth,
with one of the latest possibilities being younger
than 1.7 billion years [4]. No magnetostrati-
graphic record showing a succession of several
magnetic reversals is presently known for periods
older than 2 Ga. Between 2 and 1 Ga, magneto-
stratigraphic results are very rare (e.g. [5,6]),
partly because of the di¤culty of ¢nding non-re-
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Gallet et al. [7] recently reported relatively numer-
ous geomagnetic reversals in several sedimentary
sections deposited V1050^1100 Myr ago from
the northwestern and the southeastern parts of
the Siberian platform. These results may indicate
a moderate to high magnetic reversal frequency
during a part of the late Mesoproterozoic, but a
frequency value cannot be estimated because of
the absence of precise dating constraints. The old-
est time-constrained magnetic reversal frequency
lies within the Lower Cambrian. There, Kirsch-
vink and Rozanov [8] found many polarity rever-
sals from biostratigraphically well-dated Tommo-
tian, Atdabanian and Botomian sedimentary
sections along the Lena river (Siberia). However,
the interpretation of these results is controversial
because the palaeomagnetic pole obtained by
Kirschvink and Rozanov [8] is signi¢cantly di¡er-
ent to other Cambrian poles from the Siberian
craton and because a predominant reversed polar-
ity is most often observed during this period (e.g.
[9,10]). On the other hand, magnetostratigraphic
data from Morocco and China further support
the occurrence of several, perhaps numerous,
magnetic reversals during the Lower Cambrian
[11]. A strong polarity bias is much more evident
during the Ordovician (in the Arenig and the
Llanvirn), which is interpreted by Algeo [12], Gal-
let and Pavlov [13] and Pavlov and Gallet [14] as
a superchron lasting approximately 15^20 Myr. If
true, it would suggest the persistence of a V150
Myr-long time constant over the whole Phanero-
zoic [13,15]. However, this hypothetical super-
chron is in need of further con¢rmation and it
must be integrated in the general evolution of
the magnetic reversal frequency during the Early
Palaeozoic. For this reason, we returned to the
Kulumbe river area (northwestern Siberia) where
Upper Cambrian, Lower and Middle Ordovician
(Tremadoc and Llanvirn stages, respectively)
magnetostratigraphic results were already ob-
tained by Pavlov and Gallet [14]. We present in
this study the magnetostratigraphy of the very
thick Middle Cambrian part of the Kulumbe sec-
tion.

2. Description of the Middle Cambrian Kulumbe
river section

The studied section is located in the lower
stream valley of the Kulumbe river, about 100
km to the east of the Yenisey river, in the north-
west of the Siberian platform (Fig. 1; see also Fig.
1 in Pavlov and Gallet [14]). Tectonically, this
area lies on the margin of the Siberian craton,
within the bounds of the Khantayka^Rybnaya
uplift of the Turukhansk^Norilsk dislocation
zone (e.g. [16]). The Middle Cambrian deposits
crop out along both sides of the Kulumbe river
over a distance of 6^7 km (latitude: 68.0³N, lon-
gitude: 88.4³E). This sedimentary sequence is
V850 m thick and consists of grey, greenish
grey and reddish limestones, argillaceous lime-
stones and marlstones that dip gently (15^20³)
to the east^southeast. The upper 630 m of the
section belongs to the Labaznaya Formation,
while the lower part of the sequence belongs to
the upper part of the Ust^Brus Formation (e.g.

Fig. 1. Locality map of the studied Kulumbe river section.
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[17^20]). Both formations have very similar lith-
ologies, although reddish colours are more typical
of the Ust^Brus Formation. Magmatic intrusions
(sills and dykes) are present at two restricted
stratigraphic intervals within the ¢rst half of the
Labaznaya Formation.

The thoroughly studied biostratigraphic zona-
tion of the Middle Cambrian section is essentially
based on a rich fauna of trilobites (e.g.
[17,18,20,21]). Two trilobite zones are distin-
guished within the section. The upper Lejopyge
laevigata/Aldanaspis truncata zone extends over
the top 340^350 m of the Labaznaya Formation,
and is characterised by the following trilobite spe-
cies: Maiaspis mirabilis N. Tchern, Bonneterrina

sachaica Ros., Nganasanella nganasanennsis Ros.,
Kontrastina samodiica Ros., Buitella olenekensis
Laz. and Bolaspidina insignis N. Tchern. The Mid-
dle^Upper Cambrian boundary, which is marked
by an abrupt change of trilobite assemblages, is
traced to the top of the Labaznaya Formation,
and at the base of the overlying Orakta Forma-
tion [19,20]. The lower part of the Labaznaya
Formation and the upper part of the Ust^Brus
Formation exposed in the Kulumbe section lie
within the Anomocariodes limbaraeformis zone,
characterised in particular by the trilobite species
Agraulos acuminatus Ang., Phalacroma glandi-
forme Ang., Aldanaspis venusta Laz., Oidalagnos-

Fig. 2. Orthogonal vector diagrams obtained by thermal and hybrid thermal-AF demagnetisation of samples from the Kulumbe
river section. The closed (open) symbols refer to the horizontal (vertical) plane. All the diagrams are shown after bedding correc-
tion.
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Lerm. and Anomocarioides sp.
The two trilobite zones found in Kulumbe de-

¢ne the Mayan stage. We note that in Siberia, the
Middle Cambrian is composed, from bottom to
top, of the Amgan and the Mayan stages. More-
over, the Mayan stage is de¢ned by three trilobite
zones in the Siberian biostratigraphic time scale,
the oldest of which (the Anopolenus henrici/Cory-
nexochus perforatus zone [22]) is not exposed in
the Kulumbe river valley. The Amgan stage is
also de¢ned by three trilobite zones [22]), and
despite its thickness, our section therefore con-
tains only two of the six Middle Cambrian Sibe-
rian trilobite zones.

3. Palaeomagnetic results

Approximately 450 oriented hand-samples were
collected in 1998 with a stratigraphic sampling
interval of 1^2.5 m. Their remanent magnetisa-
tions were analysed in the palaeomagnetic labora-
tory at Institut de Physique du Globe de Paris
with a CTF three-axis cryogenic magnetometer
housed in a shielded room.

Thermal demagnetisation, performed with a
laboratory-built furnace, generally reveals two
magnetic components. The ¢rst (low temperature
component, LTC) is often isolated over a wide
temperature range from 130³C to about 500³C
(Fig. 2). The LTC directions are parallel to the
present day ¢eld direction at the site, indicating
that this component has likely a recent viscous or
chemical origin (Table 1; Fig. 3a). A high temper-
ature component (HTC), which trends toward the
origin on the orthogonal vector diagrams, is iso-
lated at higher temperatures, up to 580 or 680³C.
However, in many samples, the demagnetisation
paths become scattered at high temperatures, pre-
venting a clear estimate of the HTC directions
(Fig. 2e). To avoid this e¡ect, we performed for
some samples hybrid thermal-alternating ¢eld
(AF) demagnetisations. Our treatment indicates
that the HTC component is carried by magnetite
or hematite (Fig. 2a,b,c,e,f,g and d,h, respec-
tively). In some cases, AF demagnetisation re-
moves only a part of the HTC component, which

may indicate that it is locally carried both by
magnetite and hematite. To characterise better
the magnetic mineralogy, we have thermally de-
magnetised a composite (¢elds of 1.2 and 0.3 T
applied in two perpendicular directions [22]) iso-
thermal remanent magnetisation (IRM). The ex-
amples shown in Fig. 4 con¢rm that the magnet-
isation is either carried by magnetite (Fig. 4a),
hematite (Fig. 4b) or by a mixture of magnetite
and hematite (Fig. 4c).

In several samples collected close to magmatic
intrusions, a third magnetic component is re-
moved in the middle temperature range, between
the LTC and HTC components (Fig. 2a). In a few
cases, this component persists until the samples
are completely demagnetised. This component
has a steep upward inclination and is directed
toward the northwest (Fig. 3b), which is a direc-
tion similar to the one we previously found from
other intrusions located in the Upper Cambrian
and Ordocician parts of the Kulumbe section [14].
These intrusions are related to the emplacement
of the Siberian traps, and we therefore consider
that this magnetic component was acquired at the
Permo^Triassic boundary (Table 1; see also [13]).

The HTC component possesses dual magnetic
polarities (Fig. 3c). Some directions are clearly
biased by the LTC component, and this is attested
by the fact that the mean normal and reversed
polarity directions are not antiparallel (Fig. 5,
left ; Table 1 [23]). This bias likely results from
the large overlap between the demagnetisation
spectra of the LTC and HTC components, togeth-
er with the scatter observed at high temperatures
in the demagnetisation paths. In Fig. 3d, we have
tentatively selected only the HTC directions which
are obviously less contaminated by the LTC com-
ponent. The mean normal and reversed directions
of this population are still not antipodal, but the
angular di¡erence between these two directions is
much less than before (Fig. 5, right; Table 1).
This indicates that our selection is not fully sat-
isfactory but we note that the two general mean
directions computed before and after the selection
are almost identical (MEAN 1 and MEAN 2,
Table 1). We therefore consider that the averaging
of the normal and reversed polarity directions al-
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lows a good estimate of the geomagnetic direction
prevailing at the time of the sediment deposition.

In the absence of a fold test, the arguments for

the early origin of the HTC component arise from
the fact that (1) di¡erent magnetic minerals carry
the same HTC palaeomagnetic direction and (2)

Table 1
Directions of the LTC and HTC obtained from the Middle Cambrian Kulumbe river section

N Geographic coordinates Stratigraphic coordinates

D I K K95 D I K K95

(³) (³) (³) (³) (³) (³)

Remagnetisation components :
LTC component 426 342.7 78.5 25.9 1.4 81.0 81.0 24.1 1.4
Trap remagnetisation 9 315.0 374.1 127.9 4.6 310.4 364.6 114.2 4.8
HTC component :
Normal polarity 53 143.6 319.7 19.1 4.6 146.9 335.6 20.3 4.5
Reversed polarity 226 319.2 32.7 17.6 2.3 322.8 48.1 26.0 1.9
MEAN 1 279 140.1 330.2 16.7 2.1 143.7 345.8 22.7 1.8
HTC component after selection :
Normal polarity 29 141.8 322.8 29.8 5.0 144.8 338.0 31.8 4.8
Reversed polarity 99 319.5 31.1 21.9 3.1 321.9 45.4 30.8 2.6
MEAN 2 128 140.0 329.2 22.4 2.7 142.6 343.7 29.8 2.3

Fig. 3. Equal-area projection of palaeomagnetic directions isolated within the Middle Cambrian part of the Kulumbe section.
Closed (open) symbols refer to directions in the lower (upper) hemisphere. (a) Directions obtained before bedding correction for
the LTC. (b) Directions of reversed polarity observed in samples close to trap intrusions (before tilt correction). (c) Directions of
the HTC isolated after bedding correction. (d) Selection of apparently unbiased directions of the HTC.
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the HTC direction is similar (but statistically dis-
tinct) to younger palaeomagnetic directions previ-
ously obtained from the Kulumbe and the
Moyero river sections [13,14]. The Middle Cam-
brian mean direction is upward (downward) to
the southeast (northwest), and assuming that the
Siberian craton was located in the southern hemi-
sphere, it indicates that the present Siberian

northern shorelines were facing south at this
time (e.g. [13,14,24^26]). Another important char-
acteristic, which strongly argues for the primary
origin of the HTC component, is that the Middle
Cambrian direction is in direct continuity with the
Middle Ordovician to Upper Cambrian Apparent
Polar Wander Path of Siberia constructed from
the Kulumbe and Moyero magnetostratigraphic
results (Fig. 6). Moreover, the new data from
the Kulumbe section are in relatively good agree-
ment with the Middle Cambrian (mainly of Am-
gan age) palaeomagnetic pole obtained from the
Siberian Olenek section (Fig. 6 [10,27]).

Fig. 7 shows the declination and inclination re-
cords versus depth. The closed symbols indicate
the directions which, we believe, are biased by the
LTC component. The LTC contamination which
has a high inclination principally a¡ects the incli-
nations of the HTC component, and the HTC
declinations therefore de¢ne more distinctly the
magnetic polarities. We obtain a sequence of 28
magnetic polarity intervals, four of them being
de¢ned by a single sample (Fig. 7). Moreover,
three magnetic intervals are only de¢ned by
biased directions (respectively by one, one and
two samples). There are two breaks in the middle
part of the magnetostratigraphic sequence due to
remagnetisation linked to the emplacement of the
traps. The upper part of the section exhibits pre-
dominantly reversed polarity, whereas polarity re-
versals are frequent in the lower half of the se-
quence.

4. Discussion

The new section sampled along the Kulumbe
river shows numerous geomagnetic polarity rever-
sals. We note here that Khramov et al. [28] pre-
viously reported the occurrence of several mag-
netic polarity reversals from Middle Cambrian
deposits exposed along the upper stream of the
Olenek river. Together with other data from the
literature, these results can be used to constrain
the magnetic reversal behaviour during the Cam-
brian. This is possible because some geochrono-
logical data are presently available for this period,
although the time frame for the di¡erent Cambri-

Fig. 4. Thermal demagnetisation of a two-axial di¡erential
IRM (0.3 and 1.2 T). The magnetisation is carried either by
magnetite (a), hematite (b) or both by magnetite and hema-
tite (c).
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an subdivisions is still not yet established without
uncertainty.

From studies dealing with the Cambrian time
scale (e.g. [29^34] and references therein) it ap-
pears that two main characteristics are quite
well-established: (1) the duration of the Lower
Cambrian (V25 Myr) is about one half of the
duration of the entire Cambrian and (2) the du-
ration of the Middle Cambrian is likely short
compared to the Lower Cambrian.

The duration of the Middle Cambrian was con-
sidered between V5 and V20 Myr. The Middle^
Upper Cambrian boundary was recently proposed
to lie between 498 Ma [33] and 505 Ma [31,32,35],
while the age of the Lower^Middle Cambrian
boundary ranges from 510 Ma ([36], considered
by Meert [34]) to 518 Ma ([31], used by Kirsch-
vink et al. [37]). As discussed by Jago and Haines
[35], most of these uncertainties depend on the
measured ages of the standards used for radio-
metric datings. However, following Tucker and
McKerrow [31] and Jago and Haines [35], 505
Ma is most probable for the Middle^Upper Cam-
brian boundary. Age constraints for the base of
the Middle Cambrian are much more uncertain.
A duration as short as 5 Myr for the Middle
Cambrian (with a Lower^Middle Cambrian
boundary at 510 Ma) would be very brief with
respect to the number of trilobite zones which

occurred during this period (e.g. [35,38]). For
this reason, we will consider here a duration of
V13 Myr for the entire Middle Cambrian, which
takes into account the oldest (but still reasonable)
age suggested for the Lower^Middle Cambrian
boundary (518 Ma [31]). This duration is likely
a maximum estimate and the derived magnetic
reversal frequency will thus be a minimum esti-
mate.

There are no data to constrain the relative du-

Fig. 5. Mean palaeomagnetic directions obtained in Kulumbe. Same convention as in Fig. 3. Left: Mean directions of the di¡er-
ent components obtained before bedding correction. Right: Mean normal and reversed polarity directions in stratigraphic coordi-
nate system obtained for the HTC before (closed and open circles) and after (closed and open squares) a selection of the data.
The respective general mean directions are indicated by triangles (MEAN 1 and MEAN 2; Table 1).

Fig. 6. Equal-area projection of the Lower Silurian to Mid-
dle Cambrian. Palaeomagnetic poles obtained from the
Moyero (squares; [13]), Kulumbe (circles; [14]) and Olenek
(triangle; [10]) river sections.
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rations of the Amgan and the Mayan stages de-
¢ning the Middle Cambrian in Siberia. The only
possibility is to do a very rough approximation
which consists of assuming an equal duration
for the Middle Cambrian trilobite zones. This ap-
proximation is far from satisfactory because it is
untested. However, it yields a ¢rst order estimate
of V5 Myr for the duration of our section which
encompasses two of the six trilobite zones. In Ku-
lumbe, 28 magnetic polarity reversals are ob-
served, but 20 if only intervals de¢ned by several
samples are retained. The latter values constrain
the magnetic reversal frequency to be between
four and six reversals per Myr during approxi-
mately the upper one third of the Middle Cam-
brian. This estimate can be tentatively tested by
considering the correlation already proposed be-

tween the Australian and Siberian Middle Cam-
brian biozonations. According to Shergold et al.
[37] and Jago and Haines [35], the L. laevigata
and A. limbataeformis zones from the Kulumbe
section should correspond to a succession of seven
trilobite zones from Australia (from the C. quasi-
vespa to the G. narthorstic zones). Further assum-
ing the average time span of V0.55 Myr for the
Australian Middle Cambrian (and Upper Cambri-
an) trilobite zones proposed by Jago and Haines
[35], the sampled Kulumbe section would have a
duration of V4 Myr, roughly similar to the du-
ration we previously estimated. In both cases, the
magnetic reversal frequency that we derived from
the Kulumbe data is among the highest observed
during the Phanerozoic, comparable to those pre-

Fig. 7. Magnetostratigraphy of the Middle Cambrian part of the Kulumbe river section. Magnetic intervals de¢ned by only one
sample are indicated by half bars. Directions clearly biased by remagnetisation are shown by closed circles.
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Upper Jurassic.
As mentioned above, the magnetostratigraphy

of the Lower Cambrian is presently obscured by
the problem of the reliability of the data obtained
by Kirschvink and Rozanov [8] from the Lena
river. If their results give a good picture of the
reversal polarity sequence at the base of the Pa-
laeozoic, then it is of interest to compare the re-
versal behaviour during the Lower Cambrian with
that of the Middle Cambrian. The computation of
magnetic reversal frequencies during the Lower
Cambrian strongly relies on the relative durations
of the Tommotian and Atdabanian stages. This is
also of major importance for understanding the
biological diversi¢cation within the Lower Cam-
brian (e.g. [37,39]). There are several options ac-
cording to published Cambrian time scales. Tuck-
er and McKerrow [31] proposed that both stages
would have a similar duration of V5 Myr. Data
obtained by Kirschvink and Rozanov [8] would
then indicate high reversal frequencies of V4 re-
versals per Myr for the Tommotian and V6^7
reversals per Myr for the Atdabanian, very com-
parable to the value that we propose during the
Middle Cambrian. However, zircon U^Pb ages
obtained close to the base of the Tommotian
[39] and to the Tommotian^Atdabanian boundary
[40] suggest that the duration of the Tommotian
was perhaps longer by a factor of two. In this
case, reversal frequencies would be notably di¡er-
ent between the Tommotian, characterised by a
moderate frequency, and the Atdabanian. A
more extreme possibility supported by Meert
[34] is that the duration of the Tommotian is
about 15 Myr, while the Atdabanian would be
much shorter (V2^3 Myr). These durations imply
unusually rapid changes in magnetic reversal fre-
quency, with a very high value (s 10 reversals per
Myr) during the Atdabanian and a low value dur-
ing the Tommotian (V1.5 reversal per Myr).
Such a rapid behaviour has no equivalent during
the last 160 Myr, so a conservative attitude is to
favour one of the two ¢rst options.

Computing Upper Cambrian and lowermost
Ordovician (Tremadoc) magnetic reversal fre-
quencies is complicated by uncertainties in corre-
lating Siberian biostratigraphy with the standard

geologic time scale based on graptolite biozona-
tion from British sections (e.g. [21,41]). This may
be partly the reason for the relatively poor corre-
lation between magnetostratigraphic results from
Kulumbe [14] and from the Dayancha and Black
Mountain sections [42,43]. However, considering
a duration of V20 Myr between the Middle^
Upper Cambrian boundary (505 Ma [31,35]) and
the Tremadoc^Arenig boundary (485 Ma [31]),
the available magnetostratigraphic data taken
globally seem to indicate a moderate magnetic
reversal frequency, most probably lower than dur-
ing the Middle Cambrian.

At this stage of our knowledge, we propose a
drastic decrease in magnetic reversal frequency
between the Lower (?)^Middle Cambrian and
the end of the Tremadoc stage when a superchron
probably occurred [12,13]. This behaviour would
be similar to the one prevailing during the Lower
Cretaceous, before the Cretaceous Long Normal
superchron. However, we recognise that it is pres-
ently challenged by other scenarios which depend
on the chosen Cambrian time scale and on the
reliability of some magnetostratigraphic data. Fi-
nally, the new data from Kulumbe clearly do not
support the idea that geomagnetic reversals were
less frequent during the Lower Palaeozoic than
during the last 300 Myr, as is suggested by Figure
1 of Eide and Torsvik [44]. The Palaeozoic mag-
netostratigraphic database is probably too limited
to support such an inference.
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